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FOREWORD

This document is a technical summary of the progress made since
January 28, 1967, by the Auburn University Electrical Engineering
Department toward fulfillment of Phase B of Contract No. NAS8-11274.
This contract was awarded to Auburn Research Foundationm, Auburnm,
Alabama, May 28, 1964, and was extended September 28, 1966 by the
George C. Marshall Space Flight Center, National Aeronautics and

Space Administration, Huntsville, Alabama.
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THE DESIGN AND IMPLEMENTATION OF A LABORATORY-ORIENTED
GENERALIZED VARTABLE-ORDER DIGITAL COMPENSATOR

C. C. Carroll and J. A. Childs
ABSTRACT

This study is concerned with the design and implementation of a
versatile digital compensator that is compatible with a 1éboratory en-
vironment. The design permits future construction to be facilitated
almost completely through the use of iﬁtegrated circuitry.

The versatiiity of the compensator is demonstrated in two ways:
1) the compensation function can be altered to give 2and, 4th, or 6th
order operation by makiﬁg minor external adjustments to the machine and
2) for a given order, the coefficients of the transfer function can be
set to a wide range of values, thereby providing the capability of an
even greater variety of realizable functions. The resolution of the
coefficients has been made high enough to eliminate coefficient quanti-
zation as a problem source.

The compensator, as a special purpose computer, will be utilized in
the hybrid simulation of the Saturn V thrust vector control system, al-

though the computer may be.adapted-to many diverse sampled-data systems.
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I, INTRODUCTION

Recent interest in digital filtering [5,6,7] haé created a demand
for physical realizations of z-plane transfer functions; and, as a re-
sult, physical realizations have been accomplished through the use of
severalAmethods [8,9,10,11,12,13]. The design of a special purpose
computer for realizing a digital filter consists of three parts [1l4]:
first, the determination of quantization levels. in the computer; second,
the logical design of the computer's components; and third, the inter-
connection of the computer's components to implement the required quan-
tization levels. In this paper, a special purpose computer is designed
using the above concepts to realize a given D(z) transfer function of a
digital filter. The digital filter is then used as a compensator in the
hybrid simulatiom of the Saturn V thrust vector control system shown in
Figure 1. The compensator will be of the general form shown in Figure 2
with the following salient characteristics: 1) the order of the D(z) may
be altered to give 2nd, 4th, or 6th order capability by making minor ex-
ternal adjustments and 2) for a given order, the coefficients of the
transfer function can be set to a wide range of values, thereby pro-
viding the capability of an even greater variety of realizable functiomns.

Chapter II describes the design problem, while Chapter III details
the actual logic implementation of each computer component used in the
design. In Chapter IV, the theoretical performance of the machine is
analyzed. Chapter V presents a step-by-step procedure for programming

the computer for a desired transfer function.
1
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II. DESIGN OF THE COMPENSATOR

The form of the D(é) to be implemented is given below:

2 2 1 1 2 1" 1
anz“tajz+ta z%+al'zta z%taq''z+a
D(z) = <2 17772 x . L 2 x 1 2

(L

2 2 2
z +blz+b2 z +b1'z+b2' z +b1"z+ 2”

The sixth-order function given above is factored into three second-
order functioms. Each of these three factors will be represented by a
difference equation in order to facilitate the actual digital design.
These three equations can then be combined in such a manner as to de-
scribe the complete sixth-order function. Also these equations may be
arranged to represent second- and fourth-order functions. In addition,
the coefficients of the D(z) may be changed to yield entirely different
transfer functions.

The sixth-order case for a D(z) can perhaps be better understood

by first analyzing the second-order transfer function given below:

E,(z) a +aiz~lta,z =2
D(z) = 2 = — @)
Ey(z) b 27 4D,z
Expanding Eq. 2 yields
E,(z)[1+b 2~ Lb z-z] =E_(z)[a +a z—1+a z—z] 3)
2 1 2 1 o 1 2

By taking the inverse z-transform of the above equation and rearranging



terms, the output in standard difference notation is
ez(KT) = aoel(KI) + alel(KT—T) + azel(KT—ZT)
- blez(KT-T) - bzez(KT-ZT) . 4

Therefore, the present output, ez(KT), is a linear combination of two
previous inputs, two previous outputs, and the present input, since
el(KT-ZT) represents the value of the input signal two sampling
periods ago as shown in Figure 3.

The difference equation for the second function of Eq. (1) is
1 = ' 1 T - { ¥ -
e, (XT) = e (KT) + aj e (KT-T) + a, e1 (KT-2T)

- b.'e "(KT-T) - b_'e, ' (KT-2T 5
e, (KI=T) - b, e, (KT-2T) )
The difference equation for the third function of Eq. (1) and the final
output is

e, (KI) = e " (KI) + a;"e "(KI-T) + a,"e " (KT-2T)

1 271

- b 1" 11 KT_T - b 1 1t KT_ T
e, (KI-T) - b,'"e "(KT-2T) 6

Now the problem of combining these three equations into one equation

to describe all three stages of the D(z) is encountered. Equations (4),



e, (KT)
r\__/
eq(KT-T)
eq(KT-2T)
a4
T 2T 3T .
Time P

Fig. 3 - ~Sampling of the Analog Input



(5), and (6) can be combined to give the difference equation for

Eq. (1), since

[]

el'(KT) ez(KT) )

el”(KT) ez'(KT) . (8)

Using the aboVe relations the final output can be rewritten as:

. W
12 — - - - o - -
e, (KT) aoel(KI) + alel(KT ) + azel(KT 27) blez(KT T) b2e2(KT 2T)

X
t t _ ' 1 _ - 1 1 _ - 1 1 -
+a1 e (KT-T) + a'e; (KT-2T) b1 e2 (KT-T) b2 e, (KT-2T)
Y
_\
+ n, o -T (LT - - TPT -T) - (1T -27
a;"e, (KT-T) + a,"e; (KT-2T) b1 e, (KT-T) b2 e, (KT-2T)
(9
or
e, (KT) =a e (KI) + W+ X + ¥ . (10)
o
Equations (3), (4), and (5) can also be rewritten as:
ez(KI) = aoel(KT) + W (11)
e2'(KT) = el'(KT) + X (12)
e (KT) = el”(KI)+ Y (13)

As indicated before, Eq. (9) states that the present output is de-

pendent on previous inputs and outputs and also on the present input,



el(KT). In order to compute the difference equation output, ez"(KT),
twelve additions and thirteen multiplications must be computed. It is
desired to perform as many calculations as possible before the input
is actually sampled since Eq. (9) implies that the output is available
at the same instant of time that the' input, el(KT), is obtained by
the system. Therefore a computation scheme is devised whereby all
terms involving previous values of e and e, are multiplied by their
corresponding coefficients and summed before el(KT) is obtained. When
el(KT) is obtained, it is multiplied by as and the product is added
to the previously mentioned sum to give the present output, ez”(KT).
The scheme of computation will be as follows: X is computed and
stored; Y is computed and stored; and W is computed and left in the ac~
cumulator. Then the input is sampled, multiplied by a,, and added to
W in the accumulator which gives the wvalue of the output, eZ(KT),
of the first stage. The previously stored value of X is added to
e2(KT) to form the output, ez'(KT), of the second stage, or fourth
order D(z). Finally Y is added to the above total to give the output,
e2”(KT), of the sixth order D(z) or third stage. Pefhaps the above
computational procedure can be clarified somewhat by the following

equations:
ez(KT) = aoel(KT) + W (14)

e2'(KT) =ae (KI) + W+ X (15)
o1



e2"(KT) =,‘aoe1(KT) +W+HX+7Y. (16)

The above procedures are illustrated in Figure 4 where TS is the
sampling period and Tmin corresponds to the minimum sampling period or
the maximum sampling frequency. The time intervals TX’ T , and TW
represent the time sequence of the computation of X, Y, and W respec-
tively. As mentioned before, it is desirable to have an output as soon
as an input 1s obtained, but a certain amount of calculation time is
always required. This calculation time is represented by the interval,
TC, in Figure 4. Tc then represents the delay time between input and
output; therefore, its wvalue should be made small. During the time
interval Tc, el(KT) is sampled, multiplied by as and then added to
either W, WX, or W + X + Y depending upon the order of the compensator
being used.

Now a mathematical model of the system which will clarify and
integrate the preceding techniques can be presented. The model is
shown in Figure 5, which depicts a separate summing network for each
stage, but in reality one summer, or accumulator, is time-shared by
all three stages. This results in savings of time, space, and money.
Each triangle in this figure corresponds to the multiplication operation,
and each square block represents a time delay element in which the pre-
vious values of the input and output are delayed and stored. Figure 5
is divided into three stages to represent the computation of W, X, and
Y, réspectively, It is important to note at this point that even if

ez”(KT) is desired, the separate values of eZ(KT) and ez'(KT) must be
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12

computed so that inputs to the second and third stages will be avail-
able when the next sampling action occurs.

Equation (9) indicates that several sets of digital numbers will
have to be multiplied together, so the method of multiplication will
be explained before proceeding to the block diagram of the complete
system. Suppose, for instance, that ez(KT-T) equals (1000.0)2 and it
is desired to multiply this by by which is equal to (0.01)2. The
product is obtained by shifting the binary point two places to the left
to give (10.0)2. The product in decimal is (8)(1/4) = 2. Three shifts
to the left of the binary point would correspond to multiplication by
1/8.

The following example will illustrate the above techniques.
Suppose blez(KT-T) = (1.375)(8.0), then the multiplication would be

carried out as below:

(1.375)(8) = (1L + 1/4 + 1/8)(8)
= (1.011), (1000), = (1 + .01 + .001), (1000),
= (1011.0), = (11
( )y =« )10
1000.0 no shift
10.00 2 shifts
1.000 3 shifts

1011.000 = (11.0
( ), = (11.0)

Now that a background of the problem definition and computation
scheme has been given, a block diagram for the design of the compen-
sator is given in Figure 6. Referring again to Eq. (9), one can

see that a digital design must be created whereby these binary
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14

numbers can be multiplied by their corresponding coefficients and then
summed in the prescribed sequence to give an output.

The sequence of operation of the compensator will now be described.
The machine is a special purpose computer and, as such, must be pre-
programmed. The coefficient switches are set to give the desired co-
efficients which involves the positioning of about two hundred and
thirteen switches. Next, the output, ez(KT), ez'(KT), or ez"(KT) is
selected by the positioning of three switches, and the type of input,
analog or digital, to be used is selected by the use of another switch.
The clock frequency is adjusted to the desired sampling rate.

The master controller first shifts the following registers:
el(KT—T), el(KI-zT), ez(KI—T), ez(KT-ZT), el‘(KT—T), el'(KT-ZT),
ez'(KT-T), ez'(KT-ZT), el”(KT-T), el"(KI—Z?), ez"(KT—T), and e;(KT-ZT).
This is done to allow the calculation of X, Y, and W before the input
is actually sampled. It should be noted at this point that only the
storage registers listed above contain a new word. The master con-
troller then instructs the address command processor to address the
information in the el'(KT-T) register and load el'(KI) into the shift
register.

The multiplication logic serves to shift the number in the shift
register and also to control the assertion of the accumulate commands.
An accumulate pulse transfers the information in the shift register
into the parallel binary accumulator. The shifting pulses occur at
regular intervals, but the occurrence of an accumulate pulse is pre=-

determined by the settings on the coefficient switches. The
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shifting and accumulating process performs the multiplication of
al' by el'(KT-T).

A similar procedure is carried out for az'el'(KT—ZT),bl'ez'(KT—T),
and b2'e2'(KT-2T), after which the master controller commands the
multiplication logic to go to the stand-by mode. During this idling
period, the controller initiates a command whereby the information in
the accumulator is shifted into the 'A' memory. This transferred in-
formation represents the value of X, as defined before. Once the ac-
cumulator has been interrogated, it is reset and simultaneously the
controller prepares itself to continue the computétions.

Next, the el”(KT-T), el”(KT-ZT), ez“(KT-T), and ez”(KT-ZT) storage
registers are successively interrogated by the address command pro-

cessor and multiplied by a.", ", b.", b " respectively in a manner as

B0 e Py
preséribed before. Once again the multiplication logic is put in the
stand-by mode, and the information in the accumulator, which now
represents Y, is shifted into the 'B' memory. The accumulator is again
reset with the value of Y stored in the 'B' memory and the value of X
stored in the 'A' memory.

Finally el(KT—T), el(KT-ZT), ez(KI—T), and ez(KT—ZT) are processed
and multiplied by their corresponding coefficients, aq, ap, bl’ and b,.
The value representing W is left in the accumulator, and is not trans-
ferred as X and Y had been. The master controller, having completed
the above operations, automatically switches itself to the sample mode.

The controller sends eight pulses to the successive approximation

analog-to-digital converter [2], where
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the value of the analog signal is sampledAand converted to a

binary number. After these eight A/D pulses have been applied, two
end-of-A/D pulses are generated. The first pulse simultaneously shifts
the information out of the A/D and into the el(KT) register. The
second pulse resets the A/D and also returns the master control logic
to the computation mode. The address command brocessor is then given a
command to interrogate the e;(KT) register. el(KT) is then multi-
plied by a, and stored in the accumulator. The accumulator now contains
the value of eZ(KT), which will be channeled in two directions simul-
taneously. A pulse which will shift this stored information to the
output of the compensator through one type of truncation or round-off
logic will be actuated. This same information will also be truncated
internally in the accumulator and stored in the el'(KT) register.

The master controller then recalls the word stored in memory 'A’
and applies it to the inputs of the accumulator. The accumulator now
contains ez'(KT), which is routed both to the el”(KT) register and
to the output for a fourth-order machine. Y is now in the 'B' memory
and it is added to the wvalue of el"(KT) presently in the accumulator to
give the output, ez"(KT), for a sixth-order compensator. To complete
the cycle and prepare the system for the next sampling period, the
accumulator is reset and the master controller is switched to the
stand~-by mode.

The above explanation was meant to give only a general insight
into the system operation. In the following chapters, a more detailed
analysis will be presented in which some of the preceding explanations

are repeated using a different approach.



III. IMPLEMENTATION OF THE COMPENSATOR

A. Introduction

Now that the system operation has been definedkfrom a block
diagram point of view, each of the blocks in Figure 6 will be ex~-
plained with the exception of the apalog-to-digital converter,
the code translato% logie, and the digital-to-analog converter.

The parallel binary accumulator will be explained briefly. Most of
the above elements have been used in previous designs [1], [2]; there-
fore, they will not be explained here.

In Chapter TII the general appreoach was to describe the compensator
components in the order in which they occurred in the sequence of oper-
ation, But in this chapter an attempt will be made to give the func-
tional operation of each block in the order of design evolution. The

combination of these two approaches should clarify matters considerably.

B. Parallel Binary Accumulator

The parallel binary accumulator is actually a parallel adder in
that words are entered in parallel for the adding operation, but the
accumulator, as its name implies, keeps a total of all numbers that are
added or subtracted. The sign of the numbers that are entered into
the machine is determined by a sign bit,which is located to the left of
the most significant bit. For instance, 0~100 represents a positive

four while 1-100 represents a negative four.

17
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Data entry into the accumulator of Figure 7 is made through the
use of points A, B, and C, while an output is obtained at the points
D, E, andF . In order to aécumulate a number, an accumulate pulse
must be fed into point H. If it is desired to reset all stages of the
accumulator, then a clear or reset pulse méy be applied to the common
reset terminal. In some instances it will be desirable to reset only
certain stages of the accumulator by applying reset pulses to points
F and G. The reasoning for this will be given in a later section ’mn
truncation.

A simplified wversion of the stages of the accumulator is pre-
sented later which shows the'positioning of the binary point and the
number of stages required to the left and to the right of this point.
The determination of the number of stages to the left of the binary
point was obtained from Eq. (9) by assuming that the coefficients had
a maximum decimal value of approximately two. The decimal equivalents
of the sampled values were multiplied by two and added together to
give the maximum number that the accumulator would ever have to pro-
cess. Next, the maximum number of bits required to the right of the
binary point was determined by first finding the entry word having the
most bits to the right of the binary point. The entry word, ez‘(KT),
has the most bits to the right of the binary point, 5, so five is added
to sixteen to give the total number of stages to the right of the
binary point. Most of the coefficients have seventeen bits, but one of
these bits is to the left of the binary point. This is the reason that

sixteen instead of seventeen was used in the above computations.
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Referring again to Figure 7, one can see that the input to the
accumulator is derived from the outputs of the shift register, and thus
the binary point of the input may be shifted as will be explained in
the next section.

The output of the accumulator is channeled in several directions
at diffefént instances. of time. At first the information in the ac-
cumulator is shifted into the 'A' memory, and then a different word is
shifted into the 'B' memory. Then during several intervals of time, the
output is fed through the truncation logic to the inputs of certain
storage registers. It is not intended at this point to givé specifics
as to how the information in the accumulator is handled, but one should

be aware of the general nature of this data transfer.

C. Shift Register

The shift register serves as a preparatory storage device for
the accumulator and also as a means of accomplishing the shifting
operation, necessary in the multiplication of the sampled values by
their proper coefficients.

The shift register configuration, as shown in Figure 8, 1s used
gquite extensively throughout the system and therefore will be discussed
in general before proceeding to how it 1s used in this particular case.
Parallel data entry is accomplished through the use of the DC set

terminals. A negative pulse as shown in Figure 8 sets that flip-flop

R) 1

to the "one'" state which means that there is a logic "'one'" at the

set output terminal, Q, and a logic 'zero" at the reset output terminal
P » N g P 5



21

Common QnC Set @

Reget

oV —

+6V st

Clock T | T

~ 1. Q,5et Output

T,Reset Output

Fig. 8 -~Typical Shift Register Configuration

Initial States

After 1st FF is Set
After 18t Clock Pulse
After 2nd Clock Pulse
After 3rd Clock Pulse
After 4th Clock Pulse

Fig. 9 ~=Transition Table for the Flip-flops

States of the Flip-flops

1 2 3 4
0 0 0

0 0
0 1 0 0
0 0 1 0
0 0 1
0 0 0
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Q. When a negative pulse is applied at the common reset terminal, all
of the flip-flops are reset to the "zero" state.
Considering only ome flip-flop, one can see that whea S and R

1 1

are at logic '"one' and ''zero" respectively, Q and Q go to logic

" 1"

one' and "

zero' resepctively with the occurrence of a clock pulse.

The reverse is true when the inputs to the flip-flop are reversed. But
now consider the case in which the inputs, S and R, to the first flip-
flop of the shift register are always at logic ''zero" and "one'" respec-
tively and information is introduced into the register via the DC set
terminals. Each time a clock pulse is applied, the word is shifted ome
bit to the right. If clock pulses are continuously applied, then the
register will automatically be reset to zero since the first flip-flop

is constantly feeding in "

zeros' to the array. A variation of the above
is the case in which the first flip-flop is initially set to the "one"
state while the other flip-flops are in the ''zero' state. It can be
seen from Figure 9 that one clock pulse puts the second flip-flop in the
"onéistate while all other flip-flops, including the first, are in the
"zero" state. With the addition of more clock pulses, a logic "one"
can be visualized as moving through the shift register.

Focusing our attention now on the shift register, shown in Figure 10,
to be used in this portion of the system one can see that the register
will need as many bits to the right of the binary point as the accumu-
lator. Words contained in the storage registers are sequentially selec-

ted by the address command processor and routed to the inputs of the

shift register. The shifting and adding operation, which constitutes
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binary multiplication as discussed in Chapter II, is carried out by

the shift register and the aceumulator.

D. Storage Registers

The storage registers serve to store the values of the inputs and
outputs of the parallel binary accumulator. Figure 11 is an example of
one set of registers. The three words which are stored here are the
present input, the input T seconds ago, and the input 2T seconds ago.
The symbol, T, represents the sampling period and therefore a new quan-~
tized input is obtained every T seconds. After this oceurs, the infor-
. mation in the el(KT) register is eventually shifted into the el(KT—T)
register, and likewise, the el(KT-ZT) register obtains the information
previously stored in the el(KT-T) register. In Figure 11 it will be
noted that the el(KT-T) and el(KT-2T) registers have one common clock
or data transfer terminal while the el(KT) register has a separate
terminal. This is because it is desired for el(KT-T) and el(KT-2T)
to take on their proper values before the new input, el(KT), is taken
into the system.

This concept is employed throughout the system and therefore will
be explained in more detail. It was stated in Chapter II that W,X, and
Y were to be calculated; then theinput was to be sampled, multiplied by
a,, and added to W+ X + Y to yield the present output ez”(KT).

In order to do this, each of the wvariables required by W, X,

and Y must be clocked in advance to realize the correct data transfer.
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The clocking scheme as shown in Figure 12 illustrates the use of one
common clock termipal (B) to accomplish the above. Also it will be
noted that several other registers have their own separate clock termi-
nals. A discussion of why this is done will remain for other sectionms,
but as far as data transfer is concerned the system operates basically
in the same manner as if one common clock terminal were used for all

of the storage registers.

E. Address Command Processor

Referring again to Figure 6, one can see that thirteen storage
registers, the 'A' memory, and the 'B' memory must all be sequentially
applied to the inputs of the same shift register. This multiplexing
or time~sharing problem is solved by the address command processor. Its
function is to process an address command from the master controller, to
select the proper register, and to channel the contents of the selected
register to the DC set terminals of the shift register.

The ACP is shown in Figure 13. Whenever a logic'bne'is applied to
point 1, the word contained in the selected register, e.g., el(KT),
appears at the outputs marked D, E, and F. The D output indicates the
sign of the selected output which is multiplied by the sign of the
1

coefficient, a_. By allowing a

o 'zero" to represent a positive value

and a''oné'to represent a negative value, one observes that the output
of an exclusive~or gate carries the proper sign for multiplication.
The sign output, along with D and E, cannot appear at the output

until point 16 receives a positive pulse which loads the data into the
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shift register. A positivé pulse implies that the normal level at

1

point 16 is a logic "zero.'" This in turn clamps the output of the ACP

1" it

to a logic "ome' until a load pulse is received. Therefore no addi-
tional information can be introduced into the shift register since the
DC terminals of the shift register will be at logic 'one."

The ACP also handles the information stored in the 'A' and 'B'
memories. The load pulses for the 'A' and 'B' memories are applied at

points 14 and 15 iespectively, and in this case, these same pulses also

serve to address the twoc memories.

F. Multiplication Logic

Whenever a number [e.g. el(KT-ZT)] is entered into the shift regis-
ter, it is multiplied by a coefficient [e.g. 32] by shifting and accumu-
lating this number in the manner discussed in previous sections. The mas-
ter controller initiates seventeen accumulate pulses and sixteen shift
- pulses. The purpose of the multiplication logic is to emsure that all
of these pulses are processed in the correct manner.

The inputs from the master controller as shown in Figure 14 con~
sist of a series of alternating accumulate and shift pulses. This is
to say that input J first receives a pulse, then K recieves one, and
then the process is repeated for the remainder of the inputs.

The shift inputs are normally at logic ''zero,' and therefore one
can see that a change occuring at any of these inputs will produce a
change at the common shift output. The same is true for the accumulate
inputs whenever the coefficient switch input for that particular gate is

at logic "ome."
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if a, is given to be 1.0101 for example, it is desired to have
an accumulate output only from the first, third, and fifth input ac-

cumulate pulses. Therefore, the outputs from the coefficient switches

"

must be at logic "one'" to allow these pulses to pass, and the other
g P P )

1

outputs should be at logic "zero" to disable all other similar gates.

G. Coefficient Switches

In the preceding section, there was only one input from the coef-
ficient switches, and yet thirteen different coefficients must use
this same input. The time~sharing logic involved is implemented as
shown in Figure 15.

It can be seen that when a given enable input is at logic "one,"
the levels of that row of coefficilent switches appear at the outputs.
But if the input is changed to a logic 'zero,'" the positioning of that
row of switches will have no effect on the output.

In actual operation only one input at any given instant of time
will be at logic 'one." In this way, the master controller can acti-
vate any given coefficient upon command. The number of bits or switches
associated with each coefficient is: ag, six bits plus sign; a; and
ag, twelve bits plus sign; and the remainder of the coefificients, sev-

enteen bits plus sign. The above resolution should be sufficient.

H. Truncation Logic

It was stated in a previous section that the accumulator required

a total of thirty-six stages with twenty-two of these located to the
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right of the binary point. After a series of multiplications and addi-
tions, e.g., the computation of e,(KT), the number in the accumulator
is stored in the proper register. It is logical to assumé that some
of the less significant bits to the far right of the binary point may
be omitted before the output is stored,without greatly affecting the
system. The ability to do the above is almost a necessity since if an
attempt were made to store all of the bits, the accumulator and shift
register size would have to increase by about sixteen bits each time a
new product was calculated.

Figure 16 illustrates in general how an output is truncated. The
number of bits required to the left of the binary point for a given
output can be determined for normal operating conditions. But if an
extreme input causes a logic''one''to appear to the left of the expected
range and logic "zeros' to appear at the normal outputs, then the
system acts like an open loop and can go unstable. It is for this
reason that combinational logic has been devised as shown in Figure 16

to avoid this situation. Whenever a logic "

one' appears outside of
the expected range, a logic "ome' is applied to all of the regular
outputs.

There are six places where quantization or truncation can be
realized excluding the input, as shown by the hexagons in Figure 5.
The question now is how many bits may be omitted at any given point.

The first step in answering this question was to use the D(z) given

below as a guideline in designing the system.
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2
D(z) = 2oz 1.7237z + 0.9162 z - 1.9608 + 9616
z2 - 1.3777z + 0.5316  z° - 1.9488z + .9512
17)
z - .9960
z - .9980

A computer program subroutine simulating this compensator was written and
inserted into a pre-established master program simulating the flight
dynamics of the Saturn V [15]. In effect the system shown in Figure 1 is
simulated entirely by one computer program. Then the effects of various
quantization techniques on the complete system could be analyzed and
then changed until the proper time response was obtained.

As an illustration, e2'(KT) requires five bits to the right of the

binary point and nine magnitude bits to the left, The equation

listed in Appendix A under Compensator Subroutine implies that there

are 5 bits to the right of the binary point, and the equation
14
BX =16383./AX =(2° -1)/AX

implies that there are 14-5=9 bits left of the binary point. There

is a subroutine which performs the quantization that is programmed into

the subroutine for the D(z) by insertion of "Call Round' statements.
Figure 5 gives the total number of bits plus the number of bits to

the right of the binary point (bits to the right of the binary point

is abbreviated as B.R.B.P.) for each point of truneation or quantization

within the systemn.



I. 'A'and 'B'Memories

As stated in Chapter II the value of X is first calculated and
stored. The accumulator is then reset énd the value of Y is calculated
and stored. The storage units for X and Y are the 'A' and 'B' memories
respectively, which are both constructed as shown in Figure 17. Data
entry in this case is made through the set and reset input terminals
with the occurrence of a clock pulse. Whenever a positive pulse occurs
at the common reset terminal, all of the f£flip-flops are reset to the

"zero'" state.

J. Input Select Logic

Figure 6 might imply that the inputs to the compensator are always
in analog form, but since this device is to be a laboratory model, it
may be desired to bypass the A/D and have a direct digital inmput. It
is the task of the input select logic to provide the above capability.

Switch B in Figure 18 is a select’switch between the digital out-
put from the A/D and the direct digital input. In either case the
selected input is fed into the input of the e(KT) register.

Before proceeding with actual operation of the entire system all
of the storage registers and flip-flops within the compensator must be
reset. Ordinarily this would involve reseting each flip-£flop with the
aid of the DC reset terminal, but this method is awkward because of the
great number of memories involved. Instead, Switch A in Figure 18 is

set to logic "zero'" which in turn clamps all of the inputs to the e, (XT)
g mp 1

register to logic 'zero.'" The sampling clock is then turned on for a

36
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few seconds after which all of the flip-flops are reset since a series

of zero inputs was processed by the system with D(z) =+ 1.0.

K. Manual Select Logic

For any given input, the outputs, ez(KT), ez'(KT), and ez“(KT),
are presented to the input of the manual select logic within a few
microseconds of each other. The manual select logic is controlled by
three switches as shown in Figure 19. The switch corresponding to the
desired output is set to logic '"one," and the other two switches are
set to logic "zero.'" In this way, only the desired signal reaches the
output.

Although the compensator will not be built this way, it can be
seen from the above discussion and Figure 6 that three outputs from a
second, fourth, and sixth order compensator could be obtained almost
simultaneously. This'éapability could be of some value in future

applications.

I.. Master Controller

Up until this point each logic network has been explained separately
in terms of what function is performed when an input is either a series
of pulses or a logic level, but no mention has been made as to the
origin of these signals. It is the purpose of the master controller to
issue these commands and to ensure that information is being processed
in the correct sequence and manner throughout the system. Due to its
involved nature, the master controller, shown in Figure 20, will be

explained as a unit unto itself before detailing how it operates on the
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other networks. Each of the sets of shift registers uses the previously
mentioned technique of shifting a logic "one" through the register. 1In
order to faciiitate the explanation of the 1ogié functions, each of the
flip-flops and outputs are numbered as nearly as possible in the order
in Which.they go to the one state, or have a logic 'one" at its set
output.

It can be seen ﬁhat point B is the output of a fqurteen-input
NAND gate. Its inputs are derived from the set outputs of flip-flops
thirty-five through thirty-nine, forty-three through forty-six, fifty
through fifty-three, and sixty-five. When the above flip-flops are
all in the 'kero''state, the output of the big NAND gate is a logic '"zero."
But if any one of those flip-flops 1is in the "one'" state, then the out-
put is a logic "one.'" This output is used as an enable or disable
signal for the output from point A. In other words the pulses from
point A will reach delay-multivibrator number one only when the output
of the fourteen-input NAND gate is at a logic "one."

Since the continuous clock is always applied to the controller,
some means must be found to disable this clock, set flip-flop omne to

13

the "one'" state, and then enable the clock again. If flip-flop omne

were reset without stopping the clock, then there is a good
possibility that several of the first few flip-flops would be set to

the "one' state when only one such flip-flop is desired. Now when the

1" "

input to delay-multivibrator 'one'" experiences a logic '"zero" to 'one'"
transition, the three delay elements produce output pulses as shown in

Figure 21. The assertion output of number one triggers the input to
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number two while the negation output is simultaneously disabling the
continuous clock. The output of number two triggers the input of number
three, whose megation output in turn sets flip-flop one in the 'one"

state. After this has occurred, the wide negation pulse of number

1"

one returns to logic "one" thereby enabling the continuous clock again.

Number two is inserted to enmsure that the clock is disabled before the
flip-flop is set. This "one" stéte is clocked down the line through
flip-flop thirty-four. For the moment the logic between flip-flops
thirteen and fourteen can be igﬁored. Now when the logic'one" passes
through flip-flop thirty-four, a pulse appears at point A since the other

inputs to the four-input NAND gate are at logic "one.'" If flip flop

"

thirty-five was previously in the '"one" state, the pulse at point A

would send it to the "zero' state and simultaneously send flip-flop

1 "

thirty-six from the '"zero" to the "one

state. This same pulse would
also activate the three delay-multivibrators which would reset £flip-
flop one to the "one'" state and repeat the cycle.

The cycle is temporarily discontinued whenever flip-flop forty

oes to the 'one' state because now all of the inputs to the fourteen-
g P

1" 1

input gate are at logic '"one,'" its output is at logic ''zero," and there-

fore the gate controlling the input to delay-multivibrator one is dis-

"one" state, this

abled. However, when flip-flop forty goes to the
means that the set output goes to 1ogic"one." When the above occurs,
the wire connected to the set output permits the gate controlling the

continuous clock input for flip-flops forty-one and forty-two to be ena-

bled. Flip~flop forty-one, along with flip-flops forty-eight, fifty-
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five, and sixty-seven, had been set to the one state when the logic
"one''had passéd through flip-flop thirty-six. So the logic '"ome' is
shifted out of flip-flop forty-ome and through flip-flop forty-two
whenever the continuous clock gate is enabled. Now when the reset
output of flip-flop forty-two undergoes a one-zero-one type transitiom,
a pulse is once again generated at point A which shifts the logic "one"
out of flip~flop forty and into forty~three. 1In the process, flip~flop
one is also set to the'one''state and the cycle is repeated until flip-
flop forty-seven is reached. At this point and also at flip-flop fifty-
four, the same type procedure is carried out as previously described.
At this point, the master controller will now be examined in re-
lation to actual system functions. The sampling clock runs at a rela-
tively slow frequency. Its outpﬁt is fed into a delay-multivibrator
whose output in turn consists of a series of short pulses with the same
beriod as the input. Switch A is provided to inhibit the flow of pulses
whenever desired. The purpose of the sampling clock is to set flip-
flop thirty-five to the one state at such intervals as to allow the
complete cycle to occur before reseting the flip-flop to the 'one''state
again. If all of the flip-flops are initially in the "zerd' state and
a sampling clock pulse is applied, then output thirty-five experiences
a logic "one-to~-zero' tramnsition, and output B undergoes a reverse
transition which triggers the delay-multivibrators. This is the only
case in which the output of the fourteen-input NAND gate is used as a
triggering signal. Output thirty-five is connected to terminal B in

Figure 12. This terminal provides the initial shift required for the
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storage registers since the input, el(KT), is obtained at a later time.
The logic "one'" is shifted also through the first thirty-four flip-
‘flops with no other effect than transferring flip-flop thirty~six from

11 11
the zero to the "one"

state. Now, output thirty-six addresses the

e;' (KT-T) storage registér and prepares ey'(KT-T) for entry into the
storage register. This same output also addresses the proper terminal
in Figure 15 which allows the coefficient al' to operate on the
multiplication logic. After both the proper coefficient and sampled
value to be multiplied together have been selected, flip-flop one loads
the contents of the el'(KT—T) storage register into the shift register.
Then flip~flops two through thirty-four provide alternating accumulate
and shift pulses during which the number in the shift register is actu-
ally accumulated only when the input gates of Figure 14 have been
enabled by the switches corresponding to the coefficient, al'. In
effect, flip-flops two through thirty-four have controlled the multi-

plication of a.' by el'(KT-T).

1
Outputs thirty-seven, thirty-eight, and thirty-nine perform the
same type operation on el'(KT~2T), e, ' (KI-T), and ez'(KT-ZT) and their
corresponding coefficients. The sum of these products is stored in
the accumulator, which represents the value of X. Output forty-one
shifts X out of the accumulator and stores it in the 'A'memory. Output
forty-two resets the accumulator,
Outputs forty-three through forty-six and fifty through fifty-three

perform the computations of Y and W respectively in a similar manner.

However, when the value of W is calculated, it is not stored as X and
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Y were but remains in the accumulator for the time being. Outputs
fifty-five through sixty-two furnish the eight pulses required for the
analog-to-digital conversion process. Output sixty-three shifts the
value of el(KI) out of the A/D and into the el(KI) storage register.
The A/D is then reset and prepared for the next sampling period by
output sixty-four.

- Now that a new vélue of el(KT) has been obtained by the system, out~
put sixty-five addreéses the el(KT) storage register, and it also
addresses the set of coefficient switches controlling the wvalue of a-
Output one then loads the contents of the eléKT) register into the shift
register, and since a, is to have six bits plus sign, only outputs two
through thirteen operate on the multiplication logic.

As soon as the produgt of aj gnd el(KT) is calculated, it is
desired to have an output, ey"(KT), almost immediately. This is the
reason for the logic installed between flip-flops thirteen and fourteen
which allows the logic 'one,'" being shifted through the registers,
to bypass flip~flops fourteen through thirty-four and to appear directly
as an output at point A. If this were not done, a certain amount of
unnecessary propagation time would be introduced into the system. When
the last pulse appears at point A, it causes flip-flop sixty-six to
enable the continuous clock gate for flip-flops sixty-seven througﬂ
seventy-four.

Output sixty-seven shifts the value of ez(KI) out of the accumu-
lator, through the reduction logic, and into the e;'(KT) storage register.

This output is also made available to the input of the manual select
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logic. The shift register is also cleared by output sixty-seven.

The value of X which is stored in memory 'A' is entered directly
into the shift register by output sixty-eight through the use of termi-
nal 14 in Figure 13. This same output also resets some of the less
significant stages of the accumulator to the "zero' state; this is tan-
tamount to truncating the value of eq'(KT), the input to the second
stage. The wvalue of X is then accumulated by a pulse from output sixty-
nine. The shift register is then cleared by output seventy using the
common reset terminal in Figure 10. Also this same output truncates

ez‘(KT). The accumulator contains the value of e,'(KT), which is

2
shifted into the el”(KT) register by output seventy-one. It is also
shifted through the truncation logic to the input of the manual select.
In addition, output seventy-one resets certain stages of the accumula-
tor and thereby truncates the wvalue of el”(KT), the input to the third
stage.

The value of Y which is stored in the 'B' memory is entered into
the shift register by output seventy-two being applied to terminal 15
in Figure 13, Output seventy-three truncates ez”(KT) and also clears
the shift register. Output seventy-four shifts e2”(KT) through the
truncation logic to the input of the manual select logic and also the
accumulator is presently reset to prepare the system for the next

sampling period.



IvV. THEORETICAL RESULTS

A. Svystem Response

The purpose of the b(z), as stated in the introduction, is to
provide compensation for the hybrid simulation of the Saturn V thrust
vector control system. The extent to which it accomplishes this is
determined by simulating the system with a computer program and then
creating certain disturbances so that the system response in returning
to the stable state could be observed. A program for the flight dynam-
ics was (see Appendix A) used in conjunction with a program for the D(z),
to-simulate the complete system [15].

Figure 22 gives a plot of the error signal, ¢d’ in degrees versus
time. This response was obtained using the fifth-order compensation

function given below and an initial condition on @ of ten degrees [15].

D(z) = 22-1.72372+0.9162 % 22-1.96082+0.9616 <
z2-1.37772z+0.5316 = 22-1.94882z+0.9512 (18)

z - 0.9960
z - 0.9980

It can be observed that the settling time is 20 sec. ~Near
the end of the flight simulation, ¢d is below one tenth of a degree.
Figure 23 gives the time response of the system using the sixth-

order function given below:

D(z) = 22-1.882+.948 . z2-1.5172z+.888 . z>-1.988z+.9884288

z2-1.559z+.60598 2z2-1.4532z+.51906  22-1.502562z+.5032742°
49 (19)
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The gain for this case is 1.69 instead of 1.0 as before. Also the
feedback term e,'(KT) 1is reduced fromsixteen bits plus sign with
five.bits to the right of the bimary point to eleven bits plus sign
with zero bits to the right of the binary point. It was found that the
response was improved when these five bits to the right of the binary
point were mnot used.

The final wvalue off¢d was approximately one half of a degree,
which is not as good as the first case due at least in part to the
fact that the sixth-order function has inherent properties which make
it difficult to realize under any conditions. Also, the D(z) was de-
signed using the fifth-order function as a guideline to evaluate system

performance.

B. Sampling Frequency and Delav Considerations

The maximum sampling frequency requirement is 25 Hz, but the
machine is capable of operating much faster. Figure 4 illustrates that
the minimum sampling period is equal to T, + Ty + Ty + T,-

The maximum T, is the time required for the logic 'omne" to travel
from flip-flop fifty-five to flip-flop seventy~-four in Figure 20 This
propagation time is determined by the frequency of the continuous clock
which has a period of ten microseconds. This value is chosen to allow
the accumulator sufficient time to process its carry signals. The
value of TC is found to be equal to 0.46 milliseconds. TC represents

the time delay between input and output, and is small compared

with a normal sampling period of 40 milliseconds.
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The time required for the logic one to reach flip-flop fifty-
four in Figure 20 is equal to T, + Ty + T, which is 4.95 milliseconds.
Therefore the minimum sampling period is approximately 5.5 milliseconds,

or the maximum sampling frequency is 182 Hz.
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V. USE OF THE COMPENSATOR AS A PIECE
OF LABORATORY EQUIPMENT
This chapter is intended to give a person not familiar with digital
equipment a step-by-step procedure for setting up any desired compensa-
tion function. The D(z) to be realized should be in the form given

below, where AO is used to vary the DC gain.

D(z) = A0z2-AlztA2 . z2-AlPz#A2P . zZ-AIPPzHA2PP  (,)
. 22-Blz+B2 z2-B1Pz+B2P z2-B1PPz+B2PP

These coefficients are then fed into a computer program given in
Appendix B; this program converts them to binary numbers. These binary
numbers then denote how each of the coefficient switches in Figure 24
are to be set. AO has an approximate range of 12 which should
be sufficient. If A0 is different from +1, then the corresponding
values of Al and A2 must be multiplied by AO, For instance, if AOQ
were 1.5, then the value of Al and A2 entered into the computer program
would be AO0-Al* and A0-A2%, where the asterisk indicates the value of
Al and A2 as they appear in Eq. (20). The settings for the fifth-order
compensator are given in Appendix B.

The type of input desired is selected using the indicated switch,
on the control panel as shown in Figure 24. The order of the compensa-
tor to be realized is determined by the three switches marked manual

select logic. The switch corresponding to the desired output must be
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in the ON position, and the other two must be in the OFF position.

As a last consideration, it should be noted that the sampling and con-

tinuous clock frequency can be varied.

The sequence of events to be followed in setting up a compensation

function is as follows:

9]

2)
3)
4)
5)
6)
7)

8)

ED

10)

11)

Connect

the desired input and position the input select

switch accordingly.

Connect

the analog output.

Using the output select switch, pick the desired output.

Adjust the continuous clock and sampling frequency controls.

Set the

Set the

Set the

Set the

seconds

Set the

power switch to the ON position.

coefficient switches for D(z) =+ 1.0.

system reset switch to the ON position.

sampling clock switch to the ON position for £fiwve
and then set it to the OFF position.

system reset switch to the OFF position.

Using the computer program, set the coefficient switches to

the correct positions.

Set the

sampling clock switch to the ON position and system

operation begins.

If the system operation is not satisfactory, it may be necessary

to rearrange the positioning of some of the terms in Egq. 20. This man-

ipulation sometimes proves advantageous as a result of the method by

which the intermal truncation was realigzed.



VI. CONCLUSIONS

The machine as presented here should serve as a useful tool for
one involved in the task of determining which compensation function is
optimum for a given system. In this respect the device has the pos-
sible limitation that the desired optimum compensation functions may
not be realizable with the machine. This results from the mecessary
utilization of one function as the main guideline in achieving an
acceptable design, although other functions were considered to provide
maximum capability.

Another factor which contributed to the above problem was trun-
cation or round-off. It would appear logical for the compensator to be
more accurate as the amount of truncation was decreased, but this was
not always the case, as was cited in Chapter IV. In one example, a
much better response was obtained when the number of output bits from the
second stage was reduced from 17 to 12.

The laboratory-oriented special purpose computer proposed in this
paper is versatile in that it can easily be adapted to serve in many

diverse sampled-data systems.
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APPENDICES
The Fortran Computer Programs utilized in this study are included

in the appehdices for reference.
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APPENDIX A

FORTRAN SOURCE PROGRAM FOR SIMULATING THE FLIGHT DYNAMICS
AND COMPENSATOR

SOURCE DECK

C THE MASTER PROGRAM SIMULATES THE FLIGHT ODYNAMICS.
DIMENSION TX1(8)oTY1(8)sTY2(8)sX1(2002)sY1(2002)»
1Y2(2002)
DATA TY2/48HE1(1)
1/
DATA TY1/48HPHID
1/
DATA TX1/48HTIME
1/
NN=100

DIMENSION WBI{4)YsZETA(L)YsGMIL) s YBL4)sYPB(43sYPD(4)

1 A(l4s)la)sAN(14,

114325) eBL14s14)eC{16216) AT (14914)sATI{14s14)sAIN(LG,
1 14925)sAANTY

2 14:14)YsBD(14)YeX{14)sX2114) ¢ CONTRL{2001)

C

C D{Z) UNCOUPLED FROM DISCRETIZED SYSTEM TRANSITION

C MATRIX

C

C QUANTIZATION EXCLUDED

C
COMMON/COM1/E1(3)sE2(3)sELP(3)sE2P(3}sE1PP(3)+E2PP(3)
CALL TRAP

C

C STORE INITIAL CONDITIONS ON STATES OF D(Z)

C

DO 699 INAG=1,3
EI(INAG)=0.0
E2{INAG)Y=0.0
E1IP(INAG)=0.0
E2P(INAG)=0.0
E1PP(INAGI=0.0C
699 E2PP{INAGI=0.0

GC=1.0

10 FORMAT(3(5X+FE1548))

11 FORMAT(4(5XsE1581)
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50 CONTINUE

17

26

READ(S5s101AL0sAL1+BO

READ(5410)B1¢B24+B3

READ(54+10)B4,B54B6

READ(5911)B74C1leC2sFC

READ(S5+11)YALCGy AIXXs AIEs TIME
READ(5s11)ASEs AK3s AK4s P
READ(5+11)AK7s AMs RPs V
READ(5,11YWB{1)s WB(2)s WBI3)s WB(4)
READ(5¢113YZETA(1)Yy ZETA(2)s ZETA(3Ys ZETA(4)
READ(S54511)IGM{1)e GM(2)s GM{3)s GM{4):
READ(5+11)YB{1}% YB{2)y YB(3)s YB(4)
READ(5411)YPB(1)e YPB(2)s YPB(3)s YPB(4)
READ(5411)YPD(1)s YPD{2)e YPD{3)y YPD(4)
DO 9 i=144

WBII)=WB(I1}#2.0%3,16415G927
FORMAT{1H1 04X s 10HINPUT DATAN//)

AK3 = AK3%57,29578

AK 4 AK4%57,29578

AK7 AKT%57.29578

PRINT 33

PRINT 10s ALO»s ALls BQO

PRINT 10s Bly B2y B3

PRINT 10s B4y BS5s BS

PRINT 119 B7s Cls C29 FC

PRINT 11 ALCGs AIXXs AIE, TIME

PRINT 119 ASEs AK3s AK4, P

PRINT 119 AKT7s AMs RPs V

PRINT 11s WB({1)s WB(2)s WB(3}s WB{4)
PRINT 11 ZETA(1l)s ZETA(2)y ZETA(3)s ZETAL(4)
PRINT 11 GM{1})s GM{2)s GM(3)s GM(a)
PRINT 11s YB{13s YB(2)s YB(3)s YB{4)
PRINT 11s YPB({1)s YPB{2}s YPB{3)s YPB(4)
PRINT 11s YPD(1)s YPD{(2)s YPD(3)s YPD(4)
ITER=25

PRINT 17»ITER

FORMAT(1H1e2HN=13s//)

PRINT 26+7TIME

FORMAT(15X+12HFLIGHT TIME=F541s1XsTHSECONDSs/ /)

o

N IS THE ORDER OF THE SYSTEM A MATRIX
N=14

T IS THE SAMPLING PERIOD

T=.04

DEFINE ELEMENTS OF A MATRIX

DO 1 I=14N
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DO 1 J=13sN

A{ls+J)=0.0

Wl=34+48

LETAL=0e434

W2=84409

ZETAZ2=0.594

A(ls1)==2 . HZETAL%W1

A(ls2)=~Wlkx2

DO 2 I=2sNs2

Ii=]~1

AlTIsI1)=140

A(332)=Wik®2

Al{393)==2 4% ZETAZ2¥W2

A(334)z==W2%%2

A(592) = (ALCG*ASEFATE Y RW2#X 2% (=Wl %%2 1 /ATXX
AlSs3)=(ALCG*ASEFATE ) ¥W2 ¥ %252 ¢ ¥ZETA2 ¥W2 /ATXX

Al(S5s4) = (ALCGH*ASE+ATE ) ¥W2X X2 X W2¥H2/ATXX + W2¥X2¥(-CZ-
1 AK3*ASE/ATIXX)

A{S546)==C1

A(5y B8)= ~(FCH(ALCOG*YPB(1)+YB(1Y 1)) /AIXX

A(5410)= ~(FCH{ALCG*¥YPB(2)+YB(ZY})/ALIXX

A{5912)= =(FCR{ALCGXYPB(3)+YB(3))/ATXX

AlSel14)=s ~{FCX¥(ALCGHYPB(4)Y+YB(4Y 1 /ALIXX
AlT7+2)={ASEXRYB(1)I-ATE®YPRB( 1) I*¥W2#X22WIH%2/GM (1)
A{Ts3)1=(ASEXYB{1)~ATERYPB(1) ) #W2Hk2%{~2 4 #ZETA2¥W2)/
2 GM(1)+W2##2¥RP*YB (1)
A{T74)=(ASEXRYB(L)I~ATEXYPR{ 1Y) RW2H 2N [ «W2X¥23/
AlT737)==2%2ETAL{1)¥WB (1)

A{Ts8)==WB(1)%*%2

A{9e2 ) =W2%%2% (ASE#YB(Z)-ATEXYPB(2) ) ¥ W1*%2/GM{2)
Al9e3) =W 2R (ASERYB(2)—ATERYPB(2) ) ¥ (=2 %¥ZETA2*W2)/
1 GM{2)

A{Qe ) uWo e 2% [ASEXYB(21-ATE*YPRB{2) )Y ¥ (~W2R%2}/GM(2) +
1 W2*#2¥RP*YB(2)/GM{2)

A(999)==2%ZETA(2)*WB(2)

A{9s10)=-WB(2)¥%2
All11le2)=W2¥%2%X(ASE#YB(3)-AIEXYPB(3))/GM{3)%¥W]1¥*2
A(1193)y=W2%#2%(ASEXYB{3)-ATEXYPRB(2}1/GM(3)# (=2 X¥ZETAZ¥
1 W2)
A(1)sd)=W2Ha2X(ASEXYB(3)~ATEXYPR(3))/OGM(3) % {-W2%%2) +
1 W2%¥2%¥RP*#YB(3)1/GM(3)

A(l11e11)==2.#ZETA(3}¥*WB(3)

A(ll-12)=-WB(3)¥*¥2
Al13:2)=W2R%2¥(ASE*YB(4)=ATE*YPB(4))/GM(4)¥W]1%*2
A(13+3)=W2RX2¥ (ASEXYB(4)—ATERYPB{4) )/ CM(4 )% (w2 ¥ ZETAZH
1 W23
Al13:4)=W2RR2%X(ASEXYB(4)=ATEXYPB(4) )/ GM(4 )X {~W2%%2) +
1 WaR%2%¥RPRYB(4)Y/GM{4)

A(l13s13)==2,#ZETA(L)*WB(4)

A(13514)=-WB(4) *%2
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COMPUTE PHI(T)s THE STATE TRANSITION MATRIX

ITER=NUMBER OF TERMS USED IN TAYLOR SERIES EXPANSION
TO CALCULATE PHI(T)

DO 3 TI=1sN

DO 3 J=13sN

AN({T o Jsl)=A(TsJ)*T
BlIosJ)=A(T s J)*T
C{Ied)=A(TeJ)*T

DO 4 LL=2+ITER

DO 5 I=1,N

DO 5 J=1lsN
A{TeJ)=Cl{TIeJI/FLCAT{LL)
CALL MATMUL{AsBsNHC)
DO 6 I=13sN

DO 6 J=1N
AN(TIsJdel)=C{1sd)
CONTINUE

DO 7 I=1sN

DO 7 J=14N
AT(T1+J)=0.0

DO 8 I=14N

Al{IsI)=1.0

DO 12 I=14N

DO 12 J=1sN
AT{LsJ)=AT(I»d)

DO 15 I=1sN

DO 15 J=14N

DO 15 LL=1,ITER
AT(I«J)=AT{TI s JI+AN(T9UsLL)
DO 12 I=1.N

DO 13 J=1»N

FRINT 14s1sJsAT(I4J)
FORMATI(5X s3HAT(s12s1Hs312+2H}=E£2048)

COMPUTE THE INTEGRAL OF THE STATE TRANSITION MATRIX

DO 18 I=13sN

DO 18 J=1sN
AIN(ToJs1)=AN(TeJs1)%*T/2,
AT (TeJI=AT(TsJ}*T
Bl(IlsJ)=AN(TedJsl)
C{lasJ)=AIN(IsJsl)

DO 20 LI=2,1ITER

Lit=L1I+1

DO 19 I=14N

DO 19 J=1N
AlToed)=C(TeJ)Y/FLOAT(LIL)
CALL MATMUL{(AsBsNeC)

DO 21 I=1eN



a2 Xakaka

65

DO 21 J=1sN
21 AIN(IsJsLI)=C(IyJ)
20 CONTINUE
DO 22 I=1,N
DO 22 J=1sN
22 AANT(15J)=A1(1,J)
DO 23 I=1,N
DO 23 J=1N
DO 23 LI=1,ITER
23 AANT(19J)=AANT{IsJ)+AIN{TsJsLT)
DO 24 I=1sN
DO 24 J=1,N
24 PRINT 25s1sJsAANT(1sJ)
25 FORMAT(10Xs5HAANT(91291Hs41242H)=E20.8)

BD{I) IS THE PRODUCT OF THE INTEGRATED PHI(T) MATRIX
AND THE B MATRIX

DO 27 I=1sN
27 BD(I1=0.0
DO 28 I=1¢N
28 BD(I)=AANT(Is+1)
PRINT 49
49 FORMAT(1H1+6X+4HPHID 8X55HE1(1)98X,5HE2(1)97X’6HE1P(
1 1) e 7Xs6HEZP{1)s6XsTHEIPP 1) s6XsTHEZPP (1))
DEFINE INITIAL CONDITIONS FOR THE SYSTEM STATES

DO 29 I=1sN
29 AX11)=040

X(61=1040C

DEFINE A DO~-LOOP TC UPDATE THE SYSTEM STATES AND

PRINT THE OUTPUT STATES DESIRED AT EACH SAMPLING

INSTANT

JJd=1

MM=1

DO 999 M=1,2001

KK=M~1

TIME=T*FLOAT(KK)

DO 31 I=1sN
321 X2(1)=0.0

DO 32 1I=1sN

DO 32 K=1,N
32 X2{1I)=X2(1)+AT{IK)*X(K)

PHID=X(6)1+YPD(1)%X(8)+YPD(2)#X(10)+YPD(3)*X(12)+

1 YPD(4)Y®X(14)

CSBM=YPD(2)1%X(10)

CONTRL (M} = PHID*GC

CALL DIGCOM(CONTRL (M) $BETAC)

888 PRINT 359PHID;E1(1)9E2(1)’E1P(1)9E2P(1)9E1PP(1):FZPP(I)QCRR

35 FORMAT(1H o4 1P10E1344)

IF (MsNESJJ) GO TO 777

Jd=10+J4J
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36
999

16
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X1L(MM)=TIME

Y2{MM)=E1(1)

Y1(MM)=PHID

MM=MM+ 1

DO 34 I=14N »
X2(1)=X2([)1+BD{1)#BETAC

DO 26 1=1,N

X{I)=x2(1)

CONTINUE

CALL PPLOT(TX19X1sTY1sY1sNN)
CALL PPLOT(TX1sX1sTY25Y294NN)
GO TC¢ 50

STOP

END
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COMPENSATOR SUBROUTINE

C
C
C THE COEFFICIENTS ARE ENTERED INTO THIS PROGRAM AS

C FRACTIONSs SINCE THEY HAVE BEEN QUANTIZEDe FOR EXs
C Bl MUST BE WRITTEN IN THE FORMs N/65536¢=N/2%%16)

C WHERE N IS AN INTEGER.

C

C

$

IBFTC DIGCOM
SUBROUTINE DIGCOM(A+B)
COMMON/COM1I/ET1(3)sE2(3)sE1IP(3)+E2P(3)14E1PP(3)4E2PP(3)
COEFFICIFNTS AND GAIN FOR FIFTH=QORDER COMPENSATION
FUNCTION
AG:]_.O
Al==32530+/2068
£2=18T776 /2048
1=~90289./65536,
B2=34839./65536,
A1P=-1285024/65536.
A2P=63017 /65536,
B1P=-127717./65536,
B2P=62341./65536,
AlPP=—652T4,/65536.
AZPP=04¢0
B1PP=~65405,/65536.
B2PP=040
AG’-"]..O
E1{1)=A%255,/15,
AX=1.0
BX=25540
CALL ROUND (E1{(1)+ERRsAXsBX)
E2(11=A0%E1{1)+AI#ETI(2)+A2%E1{3)=-B1*E2(2)-B2%E2(3)
E1p(l)¥=E2(1)
AX=1.0
BX=512¢/AX
CALL ROUND (E1PI11)+ERR#AXsBX)
E2P(1)= E1P(1)+AIP*ELIP{2)1+A2P*E1P(3)~-B1P*E2P (2~
1 B2P#*E2P(3)
EIPB(l)=E2P(1)}
AX=32e :
BX=65535,/AX
CALL ROUND (E1PP(1)3ERRsAXsBX)
E2PP (1) = EIPP(1)+A1PP*E1PP(2)4A2PPXE1IPP(3)-B1PP¥*
1 E2pP{2)
J=B2PP*E2PP(3)
EODA=E2PP (1)
AX=324
BX=163844/AX
CALL ROUND (EZ2(1)sERRsAXsBX)
C TRUNCATION OF E2P(1) FOR FIFTH-ORDER CCOMPENSATOR
AX=32e

ANS
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BX=65536e/AX
CALL ROUND (E2P(1)sERRsAX»BX)

TRUNCATION OF E2P(1) FOR SIXTH-ORDER COMPENSATOR
AX=1e0

BX=65536¢/AX

CALL ROUND (E2P(1)sERRIAXsBX)

AX=32e

BX=16384./AX

CALL ROUND (E2PP(1)9+ERRsAX¢BX)"
AX=840

BX=2047+/AX

CALL ROUND (EODAJERRsAXsBX)
B=FEQODA%154/2554 %A

DO 1 J=1s2

[=3=-)

E1(I+1)=E1(1)

E2(1+1)=E2(1)
EIP{I+1)=E1P( 1)
EZ2P(14+1)=E2P(1)}
E1PPLI+1Y=E1PPL(])
EZ2PPI+1)=E2PP (1)

RETURN

END
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C THE FOLLOWING SUBROUTINE PLOTS THE VALUES OF PHID AND
C E1(1) VERSUS TIME
C

$IBFTC PPLOT |
SUBROUTINE PPLOT(XTITLEsXTABLEsYTITLEsYTABLEsNTABLE)
1 XTAB(330)
DIMENSION YTABLE(NTABLE)sXTABLE (NTABLE}sYTAB(330)s
1 TEMPY(330)sTEMPX(330)sLLY(330)sLY(330)sLX(330),
1 PT(111)
DIMENSTON YTITLE(8)sXTITLE(8)sTITL(2)
2sYDN(6) s XAC(T) :
DATA PT/111%1H /sHB/1H 7 sHHE/1H®/ $HHHG/
2 1He/sHHI/1IHI/»
XHHM/ 1H~/ yKASE /0/
WRITE(65205)
205  FORMAT{10HASNOHEADER)
KASE=KASE+1
IPTM=0
KPLOT=0
KAX=0
NTABL=NTABLE
YMIN=YTABLE (1)
DO 2 1=2sNTABLE
2 IF(YTABLE(I)«LTsYMIN) YMIN=YTABLE(I)
YMAX=YTABLE(1)
DO 3 1=2yNTABLE
IF{YTABLE(I)eGT«YMAX) YMAX=YTABLE({I)
ITAR=1
NTAB=NTABLE
IF (NTABLE.GT«110) NTAB=110
XMIN=XTABLE (1)
XMAX=XTABLE (NTAB)
4 KPLOT=KPLOT+1

(V]

IM=1
DO 10 I=ITAByNTAB
KEEP=1TAB

KTAB=1TAB+1
DO 5 J=KTAB.NTAB
IF{YTABLE(J)+GTsYTABLE(KEEP)) KEEP=J
YTAB(I)=YTABLE(KEEP)
XTAB([)=XTABLE(KEEPR)
YTABLE(KEEP)=~14E20
10 CONTINUE

YSCALE= (YMAX~YMIN} /504

XSCALE={XMAX=XMIN} /110«

YDN{1)=YMAX

DO 60 1=2,5
60 YON(I}=YDN{I=1}=-YSCALE¥®1140

YDN(5)=YMIN

XAC({1)=XMIN

XAC(7)=XMAX

DO 61 1=246

W\
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200

51

159

1@

20

24

25
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XAC(I)=XAC{I=-1)+XSCALE*20.0
DO 20 I=I1TABsNTAB

TEMPY(I)=580¢* ((YTAB(I)=YMIN)/(YMAX«YMIN))4+e5
TEMPX(1)=110e*((XTAB(I)-XMIN)/ (XMAX=XMIN))+145

LLY(I)=TEMPY{ 1)

LY(I)=51-LLY(])

XLIY=TEMPX () ]

IF(YTAB(1)eEQeQs) KAX=LY(])

IFU{UYTAB (1) eGTeDoe) e ANDe{YTABLI+1 )6l To
GO TO 20 .
AXIS=TEMPY{1)=50#YTARII )/ (YMAX~YMIN)
KAXIS=AXIS

KAX=51=-KAXIS

CONTINUE

WRITE(69200) KASEWKPLOTsYSCALE o XSCALE
FORMAT{IHI s4HCASE s 1398HeoseePLOTS 12

1 AXISsFTe3s10He b0 aX~AXISsFTe33//)
XeoweX=AXISesFTe30//)

DO 24 I=1,111

PT{I)=Hé6

LINE=0

LL=0

LINE=LINE+]

PT{1)=HHHSE

IF{LINE«EQe1) PT(1)=HHM

LMI=tLINE-1

TF(LM1/710%104EQeLM1) PT{1)=HHM
[F{LINE«NELKAXY GO TO 23

DO 22 I=19111s2

PT(I)=HHHE
DO 122 I=21+101420
PT(I)=HHI

DO 26 I=1TABsNTAB
IF(LY{I)eMESLINE) GO TO 26
LXI=LX(I)

PT(LXIY=HHE

CONTINUE

TITL(1)=Hé

TITL(2)=H6

DO 150 MM=244933,42
IF(LINE«EQsMM) GO TO 51

GO TC 150

Li=Lt+]

TITLOY)=YTITLE(LL)

LL=LL+1

TITL(2)=YTITLE(LL)
CONTINUE
IF(LINEEQel1sANDPT(1)EQeHHHE) PT(1)
IF(LINEsEQe1l) GO TO 27
IF(LINE+EQs51) GO TO 28
LMl={ INE~1

De}) GO TO 19

/716H SCALEoseeY~

=HHM



112

31

27

28
29

30

35
135

40
110

111

45

50
100
101
1p2
104
105
106
107
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IF(LM1/10%10eNEsLM1) GO TO 31
IM=IM+1 '
WRITE(65112) YDN{IM)PT
FORMAT(9X sFTe292Xs111A1)
GO TO 29 '

CONTINUE

WRITE(6+100) TITLSPT

GO TO 29

WRITE(69105) YMAXPT

GO TO 29

WRITE{(69105) YMINSPT
CONTINUE

DO 30 I=1s111

PT{T)=H6

IF{(LINELLTe50) GO TO 25
IF{LINEGT50) GO TO 40
DO 35 [=1+111+2 '
PT{1)=HHHSE

DC 135 [=214101420
PT{1)=HHI

GO T0O 25

CONTINUE
WRITE(6s110)XAC

FORMAT(1HO315XsFB8e3510XsF7e¢2s4(12XsF8e2)3F10e3)

WRITE(6+111) XTITLE
FORMAT{1HO+59Xs8A6)
NTABL=NTABL~-110
[IF(NTABLsLELO) GO TO 50
XMAK=2 ¢ *XMAX=XMIN
ITAB=ITAB+110
AMIN=XTABLE(ITAB)
IFINTABL.GEL 110} GO TO 45
NTAB=NTABLE

GO 7O 4

NTAB=NTAB+110

XMAX=XTABLE (NTAB)

GO 70 &

CONTINUE
FORMAT(3X+2A643Xs111A1)
FORMAT(12F6.1)
FORMAT({1H1+4HCASE 2 13s8HesesPLOTs12s//)
FCRMAT(1216)

FORMAT{1H +8XsFBa3s1lXs111A1)

FORMAT({1HO 915X +sFB843+99XsF8e34//460Xs8A6)
FORMAT(///s1Xs15HSCALE Y-AXISsE943910H
2 E9.3)

RETURN

X=AXISo
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$IBFTC ROUND

SUBROUTINE ROUND({AsBsANBN)
X=ABS(A)

S=A/SX

IX=X*%AN

XQ=1x

XQ=XQ/AN
[F(XQ=BN) 15222
A=S%XQ

B=S¥* (X=XQ)
RETURN

A=S%BN

B=S% (X=BN)
RETURN

END

$IBFTC MATMUL

4

SUBRQUTINE MATMUL{A+BsNsC)
DIMENSION A(NsN)+B{NsN)sCI{NsN)
CALCULATE C(Isd) COEFFICIENTS
DO 32 I=1sN

DC 3 J=1N

C(I!J)zOoO

DO 4 K=1sN
ClIedi=ClTaJ)+ALT K I %B(K s J)
CONTINUE

RETURN

END
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$IBMAP TRAP NODECK ¢ NOL IST sNOREF
ENTRY TRAP
AXT ¥ g4
TRAP TRA Ry
' SXA TRAP~1 44
CLA 8
STA RESET+1
CLA FIX
TSX SeSCCR 4
STO 8
TRA TRAP~1
RESET PLT 0
TRA *¥
CLA 0
ARS 20
LBT
TRA *+2
TRA#* RESET+1
SXA QUT s 4
TSX SeWRITs4
PZE 34 9MES
ouT AXT ¥ gl
ZAC
LRS 35
TRA% 0
FIX TRA RESET
MES BCl 3y ¥¥¥u¥ UNDERFLOW
END
SENTRY
C
C DATA CARDS
C

$IBSYS



APPENDIX B

FCRTRAN SOURCE PRIGRAM FOR DETERMINING THE POSITIONING OF
THE COEFFICIENT SWITCHES

SOURCE DECK

100

INTEGER 15(18)

REAL A7) COEF(4)

DATA A/1HAS1HBs1H1s1H241HO»1HPs1IH /

WRITE (64100}

FORMAT(IHI s9Xs1HS 93X s1H1 93X s1H243Xe1H393Xs1Hb4s3X

LIHS 93X e 1H693X e 1HT 93X s 1H8 33X s 1HF 22X 3 2H1092Xs2H11
12X e2H1232X92H12 92X 2H14 92X 92H15¢2Xs2H1692X92H1T92Xs2H18)

105

WRITE (74105) :
FORMAT(5X s 1HSs3H 1934  293H 3¢3H 493H 543H 6
1 3H Te3H 8s3H 9s3H 10s3H 11s3H 12+3H 13+3H 14y

2 3H 1543H 1693H 17+2H 18)

4

101

107

103

READ(5s101)COEF s VALUE
TF{COEF(1)eEQaA(T))IGC TO 5

FORMAT (4A1+F1140)

150=0

IFI{VALUE«LTe00)150=1

VALUE=ABS (VALUE)

IVAL=VALUE

15{1)=0

IF(IVALGT1)IS(1)=1
IVA=IVAL-IS(1) %2

15(21=0

IF(IVALEQ.1)IS{2)=1
DVAL=VALUE-FLOAT({ IVAL)

DO 1 I=3,18

IS{I)y=ABS{(DVAL*2,)
DVAL=DVAL¥2,~FLOAT(IS(I})}

CONTINUE
IF(COEF{11EQeA{1)«ANDCOEF(21eEQeA{5))IGO TO 2
IF{COEF{1)eEQeA{1)eANDeCOEF(3) «sNEsA(6)1)G0O TO 3
WRITE(641021COEF IS0+ (1S(1)e1=2418)
WRITE(T72»107)COEFLISO»(ISII)YsI=2+18)
FORMAT(4AL+1243Xs1713)

G0 TO 4
WRITE(6+103)COEF SISO (IStINsI=2sT)
FORMAT{1HO3X s4A1 42X 11s4Xe614)

74
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102 FORMAT(IHO«3Xs4A1s2XsT1s4Xs1714)
v WRITE(T79108)COEF SISO {IS(I)sI=2s7)
103 FORMATI{4A14]2s3X+613)
GO TO 4
3 WRITE(6+104)COEF,I1S0(IS(I)sI=1s12)
1C4 FORMATUIHCs3X+4A142Xs1141214)
WRITE( 74102 1COEF IS0 ({IS{TIYelI=1412)
10¢  FORMAT(4A141241213)

GO TO 4
C
C THE NAME OF THE COEFFICIENT IS ENTERED IN COLUMNS 1-4»
C AND  THE VALUE OF THE COEFFICIENT IS ENTERED IN
C COLUMNS 6-154 THE SWITCH POSITIONS FOR THE FIFTH=-ORDER
C COMPENSATOR ARE GIVEN BELCW,
C

5 5T0F

“ND
SENTRY
AD 10

Al  ~-1.7237237
A2 9162799

Bl =1.3777001
Bz 5316022
AlP  =1,9607921
A2P 9615609
BiP «1.94881
B2P 9512492
ALPP «49960079

AZPP (.0
BIPP =.9980019
B2PP 040
$IBSYS
C
C THE POSITIONING OF THE COEFFICIENT SWITCHES FOR THE
C FIFTH~ORDER COMPENSATION FUNCTION ARE GIVEN BELOW.
C

s 1 2 3 &4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
AO 0 1 0 0o 0o 0o O
Al 1 o 1 1 0o 1 1 1 0 0 1 0 1
A2 ¢ ¢ o 1 1 r o 1 o 1 0 1 ©
Bl 1 il o 1 1t 0 0o 0 0 o0 o 1 ¢ 1 1 O ¢ 0O
B2 0 6o 1 ¢ o o 1 o O O © O 0 1 0o 1 1 1
AlP 1 111 1 1 o0 1 0 1 1 1 1 1 o 1 1 o0
AZP 0 1 1 1 1 0 1 1 0 0 O I O 1 O O O
gipP 1 l 11 1 1 0 0 1 0o t 1 1 O O 1 0O 1
B2pP 0 ¢ 111 1 1 0 o 1 1 1 ¢ OO O O 1 O 1
AlPP 1 o 1 1 1 1 1 1 1 ¢ 1 1 1 1 1 O 1 O
A2PP 0 ¢c o o 0 0 0 0 0 0 O O O 0 0 O0 0 O
BiPP 1 6+ 1 1 1 1 1 11 ¢ 1 1 1 1t 1 o 1
B2PP 0 6o 0o 0 0 ¢ 0 0 0 O 0 0 0 0 0 0 O



